Proteolysis is a critical regulatory mechanism for a wide variety of physiologic and pathologic processes. To assist in the identification of proteases, their endogenous inhibitors, and proteins that interact with proteases or proteolytic pathways in biological tissues, a dual-species oligonucleotide microarray has been developed in conjunction with Affymetrix. The Hu/Mu ProtIn microarray contains 516 and 456 probe sets that survey human and mouse genes of interest (proteases, protease inhibitors, or interactors), respectively. To investigate the performance of the array, gene expression profiles were analyzed in pure mouse and human samples (reference RNA; normal and tumor cell lines/tissues) and orthotopically implanted xenografts of human A549 lung and MDA-MB-231 breast carcinomas. Relative gene expression and ''present-call'' P values were determined for each probe set using dChip and MAS5 software, respectively. Despite the high level of sequence identity of mouse and human protease/inhibitor orthologues and the theoretical potential for cross-hybridization of some of the probes, >95% of the ''present calls'' (P < 0.01) resulted from same-species hybridizations (e.g., human transcripts to human probe sets). To further assess the performance of the microarray, differential gene expression and false discovery rate analyses were carried out on human or mouse sample groups, and data processing methods to optimize performance of the mouse and human probe sets were identified. The Hu/Mu ProtIn microarray is a valuable discovery tool for the identification of components of human and murine proteolytic pathways in health and disease and has particular utility in the determination of cellular origins of proteases and protease inhibitors in xenograft models of human cancer. (Mol Cancer Res 2007;5(5):443 -54) 
Introduction
Proteolysis is a critical regulatory mechanism for a wide variety of physiologic and pathologic processes including inflammation, angiogenesis, tumor initiation, invasion, and metastasis (reviewed in refs. [1] [2] [3] [4] [5] . Based on their common evolutionary origin, there are 47 clans of proteases comprised of more than 175 families that share similar tertiary structures or catalytic site residues (6) . Further information on the diversity, complexity, and relationships of known proteases can be found on the MEROPS database online (6) . 10 Protease activity is controlled by endogenous protein inhibitors (reviewed in refs. [7] [8] [9] . Like proteases, these inhibitors are numerous and diverse and have been organized into 33 clans of 55 families (6) . The biological functions of proteases are also affected by their interactions with proteins that may modulate their behavior or location, such as activators and receptors. Identifying the proteases, protease inhibitors, and protease interactors expressed in healthy or diseased tissues and nondiseased host cells in response to the diseased tissue is essential to understanding tissue homeostasis and pathologic processes. Xenografts of human cancer cells implanted orthotopically in mice represent a tractable model to assess functional interactions of protease-mediated pathways in vivo.
Oligonucleotide microarrays have greatly facilitated gene expression analysis in diseases like cancer (for review, see ref. 10 ). Typically, oligonucleotide microarrays contain probes for interrogating gene expression from only one species. Consequently, simultaneous determination of both host (mouse) and graft (human) gene expression in murine orthotopic xenograft models of human cancer cannot be accomplished with one microarray. Although this could be accomplished by profiling with two microarrays, one specific for human and one for mouse gene expression, this can be cost-and time-prohibitive. Furthermore, such dual-species analyses may lead to misinterpretation, as probes on single-species arrays are not designed to prevent interrogation of transcripts from other species but rather to interrogate transcripts of only one species. Thus, crosshybridization might be interpreted as a change in expression.
We report here the design and performance evaluation of an oligonucleotide microarray, the Hu/Mu ProtIn microarray, for measurement of protease, protease inhibitor, and protease interactor gene expression. Uniquely, the Hu/Mu ProtIn microarray has the capacity to differentiate murine from human gene expression. Here, we show the specificity and sensitivity of the probe sets on our microarray based upon gene expression analyses in pure mouse or human samples or orthotopic xenograft models of human breast and lung cancer. Thus, we show the utility of comparative analyses on one platform.
Results

Hu/Mu ProtIn Microarray
This microarray contains custom-designed probe sets, each of which surveys one gene with a collection of 16 unique oligonucleotide (25-mer) probes that match the same gene transcript. There are 516 and 456 custom probe sets on the microarray that survey, respectively, 430 human and 390 mouse genes of interest (proteases, protease inhibitors, and genes that interact with proteases). Some genes are surveyed by more than one probe set. Annotation for all of the mouse and human genes surveyed on the Hu/Mu ProtIn microarray is available as Supplementary Table S1 . The Hu/Mu ProtIn microarray also contains a number of control probe sets designed by Affymetrix. If not otherwise stated, probes and probe sets refer to the custom-designed probes and probe sets that survey genes of interest (e.g., proteases) and not control genes. The Hu/Mu ProtIn microarray is available commercially through Affymetrix by contacting the customer service department and requesting Protease520066F.
Theoretical Cross-Hybridization Analysis
To determine the theoretical potential for cross-hybridization of the custom probes, we did a Blast(n) analysis of each probe sequence against the human and mouse repeat-masked genome in the Ensembl database online. 11 The threshold for potential cross-hybridization was set at z16 continuous matched base pairs within the 25-mer oligonucleotide probe. A summary of the probes on the Hu/Mu ProtIn microarray that might cross-hybridize is shown in Table 1 . A file listing all of the potentially cross-hybridizing probes is available as Supplementary Table S2 . Each custom probe set on the microarray contains 16 unique perfect match (PM) probes. Within a probe set, individual probe sequences may overlap but are never identical. Consequently, there are 8,256 unique human and 7,296 unique murine probes on the Hu/Mu ProtIn microarray that comprise 516 human and 456 mouse probe sets, respectively. Ninety-eight percent of the probe sets contain at least one probe (of 16) that may theoretically cross-hybridize. If potentially cross-hybridizing probes are masked (i.e., probe information is eliminated before any data processing or analysis), 952 or 98% of the probe sets retain at least six probes (Table 1) , a number sufficient for reliable data analysis, suggesting that each probe set, on average, contains 4 of 16 probes that may exhibit cross-hybridization. Probe masks were generated to remove probes with a potential for crosshybridizing between species from the dChip analysis. To test the potential for cross-hybridization, several different masks were developed with varying degrees of stringency. These ranged from probe masks for the condition where z15 bp in a probe matched continuously in both human and mouse genomes up to the condition where z21 bp matched. In accord with expectations, when mouse fat pad and carcinoma tissues were compared, specificity was serially increased by reducing the continuous match criteria for masking, whereas sensitivity was affected if a criterion of <17 bp was used. Masking those probes with >21 consecutive base pairs in common marginally decreased the number of genes reported from the human probe sets and somewhat improved the sensitivity of mouse probe sets (differentially expressed genes Mouse/Human at P < 0.01, 181:63). Masking more rigorously above 14 bp significantly reduced the differential gene expression (DGE) reported by the human probe sets, but masking mouse probes at this level was found to impair sensitivity of mouse probes to differential expression (differentially expressed genes Mouse/Human at P < 0.01, 142:32).
Hu/Mu ProtIn Probe Set Response to Mouse or Human Universal Reference RNA We have assessed the specificity and selectivity of the custom probe sets to determine the extent, if any, of crosshybridization of one species' transcripts to probe sets designed for the other species (i.e., non -species-specific transcript hybridization) using pure human or mouse Universal Reference total RNA. Universal Reference RNA are expected to contain a broad representation of transcripts because these reference RNA are derived from a mixture of many tissues. The number of probe sets giving P values smaller than 0.05, 0.01, and 0.001, as determined by the default detection algorithm in MAS5 software (Affymetrix), is shown for mouse (Fig. 1A) and human (Fig. 1B) Universal Reference RNA. As expected, hundreds of transcripts were detected by mouse (Fig. 1A , black columns) and human (Fig. 1B, gray columns) probe sets when the Hu/Mu ProtIn microarray was hybridized to mouse or human Universal Reference RNA, respectively. In contrast, <3% of the total present calls (at P < 0.05) represent probe sets responding to other-species reference RNA (Fig. 1A , gray columns or Fig. 1B, black columns) . This is preliminary evidence that the probe design was sufficiently stringent to prevent detection of most transcripts from the other species. FIGURE 1. Species-identical probe response to universal reference total RNA. Three independent replicates of XpressRef (SuperArray Bioscience) universal reference total RNA from mouse (A and C) or human (B and D) tissues were profiled with the Hu/Mu ProtIn microarray. Only probe sets were evaluated for all subsequent figures. The presence of a transcript was determined by the detection algorithm in MAS5 software (Affymetrix), which assigns P as a measure of the detection call confidence. The number of probe sets giving present call P values smaller than 0.05, 0.01, and 0.001, for all three replicates (A and B). In the presence of only mouse transcripts, there were extremely few present detection calls by human probe sets (A, gray columns ), and vice versa (B, black columns ), despite the high sequence similarity among many of the protease and protease inhibitor genes and their potential for cross-hybridization (see Table 1 The distribution of relative gene expression measured by mouse (black columns) or human (gray columns) probe sets in response to either mouse or human Universal Reference RNA is shown in Fig. 1C and D, respectively. To normalize and quantify the raw expression data, we chose a popular data processing method called dChip (11) . Within dChip, we chose the option to use only the PM probe information. This approach was chosen based on literature disputing the ability of mismatch (MM) probes to accurately assess crosshybridization to PM probes (12) (13) (14) . In the absence of species-identical RNA (gray columns in Fig. 1C and black columns in Fig. 1D ), the distribution of relative gene expression seems normal (Gaussian) and is centered (mean F SD: with the right-hand tail containing highly expressed genes. The gene expression distributions derived from mouse and human probe sets in the presence of either mouse or human RNA were clearly different and suggested that irrelevant probe sets (e.g., mouse probe sets in the presence of human RNA) did not exhibit significant cross-species hybridization. This was investigated further using DGE analysis coupled with false discovery analysis, as described below.
Hu/Mu ProtIn Probe Set Response to RNA Derived from Mouse or Human Mammary Carcinomas
To further validate the high fidelity of species-identical transcript hybridization to species appropriate probe sets on the Hu/Mu ProtIn microarray, we challenged the microarray with RNA derived from human or mouse mammary carcinomas (Fig. 2) . These samples would be expected to have transcript signatures distinct from Universal Reference RNA. A detection call was calculated (MAS5 software) for the presence of a transcript for each probe set. The number of present calls giving P values smaller than 0.05, 0.01, or 0.001, in response to RNA derived from mouse and human mammary carcinomas, is shown in Fig. 2A and B, respectively. Many transcripts were detected by mouse ( Fig. 2A , black columns) and human ( Fig. 2B , gray columns) probe sets in response to mouse or human mammary carcinoma, respectively. In contrast, <2% of the present calls (P < 0.01) represented probe sets responding to other-species mammary carcinoma-derived RNA ( Fig. 2A , gray columns and Fig. 2B , black columns). These data confirm that the probe design was sufficiently stringent to prevent detection of most transcripts from the other species (cf. Fig. 1A and B).
The distribution of mouse and human mammary carcinoma transcript expression illustrates that gene expression distributions determined by relevant probe sets [mouse probe sets in the presence of mouse mammary carcinoma RNA (Fig. 2C , black columns) and human probe sets in the presence of human mammary carcinoma RNA (Fig. 2D , gray columns)] were clearly different compared with gene expression distributions derived from irrelevant probe sets (e.g., mouse probe sets in FIGURE 3. Frequency of transcript detection by mouse and human probe sets in samples derived from normal mouse lung and mammary fat pads, cultured human cell lines, and orthotopic xenografts. Total RNA derived from normal mouse lung (n = 3; A) and mammary fat pads (n = 4; B), cultures of human A549 lung adenocarcinoma cells (n = 2; C) and MDA-MB-231 breast carcinoma cells (n = 3; D), and orthotopically implanted xenografts of A549 cells (n = 3; E) and MDA-MB-231 cells (n = 3; F) was profiled. Number of probe sets giving present call P values smaller than 0.05, 0.01, and 0.001 for all the presence of human RNA). Furthermore, these results were similar to those for universal reference RNA ( Fig. 1C and D), providing additional evidence that cross-species hybridization, if present, was minimal.
The detection algorithm analyses shown above ( Fig. 1A and B and Fig. 2A and B) suggest that most mouse or human probe sets on the Hu/Mu ProtIn microarray do not hybridize to transcripts from the opposite species sufficiently to trigger a present call even at a liberal P (0.05). Thus, the specificity of the probes seems to be sufficient to allow interrogation of a sample in which there is a mixture of transcripts from both species, permitting simultaneous analysis of human and mouse genes.
Expression Analysis of Orthotopic Xenografts of Human Carcinoma Cell Lines
To show the utility of the Hu/Mu ProtIn microarray in detecting and differentiating expression of genes in human xenograft tumors from those in the mouse tumor microenvironment, we profiled A549 human lung carcinoma cells and MDA-MB-231 human breast carcinoma cells grown in vitro and as orthotopic xenografts in mice. In addition, we profiled normal murine lung and mammary fat pads (i.e., the orthotopic sites for implantation of the lung and breast carcinoma cells, respectively). The number of probe sets giving P values smaller than 0.05, 0.01, and 0.001 for normal orthotopic sites, cultured human cells, and xenografts are shown in Fig. 3 . As was evident in the experiments reported above (Figs. 1 and 2) , species-identical transcripts were detected in RNA derived from mouse lung (Fig. 3A, black columns) , mouse mammary fat pads (Fig. 3B, black columns) , cultured A549 cells (Fig. 3C , gray columns), and cultured MDA-MB-231 (Fig. 3D , gray columns ) cells. In contrast, <2% of the present calls (at P < 0.01) represented probe sets detecting other-species transcripts ( Fig. 3A and B, gray columns and Fig. 3C and D, black columns). These data support the evidence presented in Figs. 1 and 2 that probes on the Hu/Mu ProtIn microarray, in response to biologically diverse RNA, retained their intended species-identical fidelity despite interspecies homology of proteases, protease inhibitors, and protease interactors.
The presence of both mouse and human transcripts was clearly detected in A549 (Fig. 3E ) and MDA-MB-231 ( Fig. 3F ) orthotopic xenografts, even at a highly stringent P (<0.001). At the P values tested, >35% of the present detection calls represented probe sets interrogating mouse transcripts in RNA derived from the human xenografts. The NOTE: Bold font indicates that probe sets and sample RNA are from the same species. Abbreviation: PS, probe sets. *The present call P was generated by the default algorithm in MAS5 software (Affymetrix). cTotal number of present calls at the specified P. For each probe set to be considered present, the detection threshold had to be achieved in 100% of the replicates except for the mouse and human carcinoma samples where at least 80% of the samples were required to have the appropriate present threshold. bTumors are all ductal histology and either stage II or III. xAll spontaneous mammary carcinoma from the MMTV-PyMT model.
mouse transcripts represent gene expression in host (murine) cells that have either infiltrated the human tumor xenograft (e.g., cells composing the vasculature, fibroblasts, or immune cells) or were adjacent to the human tumor xenograft and removed at necropsy. The relative contribution of mouse RNA to the total RNA present in the xenograft sample is not known and will vary from sample to sample. The data do suggest that our microarray can detect mouse transcripts in the presence of human RNA and will be a useful tool for detecting host gene expression in xenograft models of human disease. The relative gene expression distributions for these samples are available as Supplementary Fig. S1 .
Present Call Summary
A summary of the detection call data, organized by sample type, is shown in Table 2 . Greater than 98% of the present calls (P < 0.01) within each group were from probe sets and sample RNA of the same species (bold font). Probe sets rarely detected the presence of RNA from another species (V2%, P < 0.01) in single-species samples. In the xenografts, by contrast, 38% to 54% of the present calls were from mouse probe sets, indicating the ability to detect mouse transcripts in a sample containing mouse and human RNA. A global summary of present call analyses of combined species-identical or otherspecies RNA experiments is shown in Table 3 . The analyses labeled as ''same species'' consider all probe set and RNA combinations from the same species (e.g., human RNA) and only probe sets designed to survey human transcripts. In contrast, the analyses labeled as ''other species'' consider combinations of either human RNA and ''mouse'' probe sets or mouse RNA and ''human'' probe sets. In both types of analyses, there are over 23,500 data points. The number and percentage of present detection calls are shown at the indicated P thresholds. Whereas numerous same-species transcripts were present even at stringent P values (<0.001), only 4% of the other-species combinations resulted in a present call at P < 0.05. Interestingly, only two mouse (Mm.1485_s_at and Mm.2287_s_at) and human (Hs.118797_s_at and Hs.178761_s_at) probe sets were present (P < 0.01) in all samples tested (human or mouse) despite their diverse biological origins. These probe sets survey ubiquitin conjugating enzymes and proteasome components. In contrast, 129 mouse and 122 human probe sets detected the presence of transcripts (P < 0.01) in all of the same-species samples tested; the genes detected by these probe sets were detected in <1% of the other-species comparisons (data not shown). Together, these detection call data emphasize the species specificity of the probe set design and suggest that the Hu/Mu ProtIn microarray is a useful tool for DGE analyses of either single-or dual-species samples.
DGE and False Discovery Rate Analyses
To further assess the performance of the microarray, we used DGE and false discovery rate (FDR) analyses. This was accomplished by comparing normal mammary tissue with mammary carcinoma for both mouse and human. We expected many differentially expressed genes in species-relevant situations (e.g., mouse probe sets and mouse samples). In contrast, for species-irrelevant situations (e.g., human probe sets and mouse samples), we expected few differentially expressed genes, or no more than can be anticipated by chance alone (based on FDR), assuming little or no cross-species hybridization.
The results of the DGE and FDR analyses are presented in Table 4 . The relative gene expression values for the data analyzed in Table 4 were generated using the dChip (PM only) algorithm (see Materials and Methods). As expected, many differentially expressed genes (Table 4 , bold font) were observed in relevant species analyses (e.g., mouse probe sets *Mouse spontaneous mammary carcinoma (n = 10) were compared with normal mammary fat pad (n = 4), or human ductal breast carcinoma (stage II or III, n = 18) were compared with normal human breast tissue (n = 13). cStudent's t test P thresholds for qualifying probe sets. bA fold change threshold in gene expression, which is the ratio (tumor/fat pad) of the geometric means.
x Number of differentially expressed genes in the original data set. kPercent estimated false discovery (FD%) = (no. observed in the real data / MP) Â 100, where MP is the mean number of differentially expressed genes in the randomly permuted data sets (n = 1,000). {The 95th percentile of the permuted data sets.
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interrogating the mouse sample comparison). In relevant species analyses, importantly, <6% (human) or 2% (mouse) of the differentially expressed genes (when combined with a fold change threshold) were estimated to be falsely discovered. When mouse probe sets were used to assess the human sample comparison, at all P and fold change combinations, only two or fewer differentially expressed genes were discovered. The corresponding FDR were low, suggesting that only a few mouse probe sets exhibited sufficient hybridization with human transcripts to elicit significant DGE (although this does not exclude the caveat that some human transcripts may cross-hybridize to mouse probes sets but are not differentially expressed). These data indicate that DGE analysis of dual-species samples by mouse probe sets is feasible. Surprisingly, many differentially expressed genes were discovered by human probe sets in the mouse sample comparison and, as indicated by a low FDR (<5%), were not due to chance variation in the data but rather to some mouse transcripts that cross-hybridize with the human probes. This result differs dramatically from the MAS5 present detection call data presented in Figs. 1, 2, and 3 and summarized in Tables 2  and 3 , which show that human probe sets infrequently (<3% of the present detection calls at P < 0.01) detected the presence of mouse transcripts. This discrepancy may be due to just a few human probes (within a probe set) that hybridized to mouse transcripts sufficiently to reveal differential expression but do not trigger a significant present call. Consistent with this interpretation, masking of sequences above 16 bp in length was found to marginally improve both the sensitivity of mouse probe sets and the specificity of human probe sets (Table 5) . Taken together, these data suggest that the choice of data processing and normalization algorithms may be critically important when processing human probe set data derived from samples that contain both mouse and human RNA.
There are several popular data processing methods that normalize and quantify raw expression values for microarray data before any formal analysis [e.g., dChip (11), RMA and GCRMA (15), MAS5 (16), PDNN (13) , and TM (17) (18) (19) ]. We selected three of these methods {dChip, either with [dChip (PM + MM)] or without [dChip (PM only)] mismatch probe information; MAS5 (the default Affymetrix algorithm); and TM (using both 20% and 25% trimming)} to process the raw mouse sample data before DGE and FDR analyses. Our goal was to determine if there may be a more accurate and reliable data processing method than dChip (PM only) for processing murine samples that would also eliminate or substantially reduce the influence of the human probes that are apparently cross-hybridizing to mouse transcripts. This would be important when processing xenograft samples containing mouse and human RNA and for preventing overestimation of human gene expression due to mouse transcript cross-hybridization. In Fig. 4 , for each data processing method, the fraction of qualifying mouse (A) and human (B) probe sets, at a range of FDR values, are illustrated, as derived from comparing mouse mammary fat pads to mouse spontaneous mammary tumors. Of the processing methods tested, dChip (PM only) seems to provide enhanced sensitivity when analyzing probe sets and transcripts from the same species (Fig. 4A) , as a higher proportion of probe sets were selected at low FDR thresholds. For example, at an FDR threshold of 0.05, dChip (PM only) noticeably out-performed all other methods that were tested in *Mouse spontaneous mammary carcinoma (n = 10) and normal mouse mammary fat pad (n = 4) were profiled and processed by five different methods (See Methods for details). cStudent's t test P thresholds for qualifying probe sets. bThe number of qualifying probe sets before exceeding the percent false discovery threshold (%FD). xNumber of differentially expressed genes in the original data set. kPercent estimated false discovery (FD%) = (# obs from the real data/MP) Â 100, where MP is the mean number of differentially expressed genes in the randomly permuted data sets (n = 1000). {The 95th percentile of the permuted data sets. **Probes that potentially cross-hybridize (a contiguous run of z16 bp) between human and mouse transcripts were masked before dChip analysis.
that f50% of the mouse probe sets satisfied this selection threshold compared with V40% by the other methods. In contrast, when analyzing mouse samples with human probe sets (Fig. 4B) , processing methods other than dChip (PM only) resulted in fewer qualifying human probe sets even at stringent FDR values. For example, when the data were processed with MAS5 or TM25, V2% of the human probe sets satisfied the selection criterion at a liberal FDR threshold of 0.1 (i.e., 10% of the differentially expressed genes will be falsely discovered). These results can be readily observed in tabular format ( Table 5 ). dChip (PM only) seemed to be the more sensitive method for data processing when same-species analyses (e.g., mouse probes and RNA) were investigated. On the other hand, when non -identical-species analyses were done (i.e., human probes with mouse RNA), several data processing methods (e.g., MAS5 and TM25), other than dChip (PM only), provided more protection against cross-species hybridization, presumably due to reducing the influence of human probes that give outlying data by employing mismatch probe information. A limited improvement in dChip (PM only) results was suggested by analyses in which probes with a potential for cross-species hybridization were masked.
Discussion
The Hu/Mu ProtIn microarray is a unique discovery tool with an obvious and focused function to survey gene expression of proteases, their endogenous inhibitors, and selected proteins that interact with proteases. The Hu/Mu ProtIn microarray was designed to survey human and mouse gene expression simultaneously (or independently if desired). Consequently, the Hu/Mu ProtIn microarray may be used to detect host gene expression in mouse models of human disease, such as host protease expression within the tumor microenvironment of mouse xenograft models of human cancer.
There is no doubt that many proteases are dysregulated in human cancers (e.g., see ref. 20) . Furthermore, proteases act in networks and pathways that involve multiple proteases, their inhibitors, and proteins that interact with them. To understand these complexities, it is necessary to identify which proteases and endogenous inhibitors are functional regulators within tumor microenvironments. Therefore, it is critically important to have capabilities enabling discovery not only of which proteases and endogenous inhibitors are present in the tumor microenvironment but also whether they derive from the tumor or the host cells infiltrating and regulating the tumor. This information will greatly facilitate targeted drug design and strategies against proteolytic pathways. The Hu/Mu ProtIn microarray is the first profiling discovery tool to possess the ability to not only assess the gene expression of proteases, protease inhibitors, and protease interactors in the tumor microenvironment but to also discriminate the species origin of these transcripts in xenograft models. Thus, the Hu/Mu ProtIn microarray will be an important discovery tool for use with orthotopic xenograft models of human cancers.
The Hu/Mu ProtIn microarray has several advantages over the alternative of using multiple arrays (one for mouse and one for human gene expression) to assess both host (mouse) and tumor (human) gene expression in xenograft models. First, the probe design for the Hu/Mu ProtIn microarray included consideration of probe sequence homologies for both mouse and human transcripts, whereas arrays designed to survey one species logically only focus on the appropriate species. Consequently, probes on single-species arrays are likely to cross-hybridize to transcripts from the other species in dual-species samples. This is especially true for highly conserved families of genes such as proteases and protease inhibitors. Probe sequences for the Hu/Mu ProtIn microarray were chosen based on having as little theoretical cross-species transcript hybridization as feasible. Despite our efforts, due to the high sequence conservation between mouse and human proteases and protease inhibitors, some of the probes on our array have the potential to hybridize with transcripts of the other species (Table 1) . The data presented here, however, empirically show that the limited amount of cross-species hybridization can be controlled by a judicious selection of data processing methods (see Tables 2 and 5) . Second, the Hu/Mu ProtIn microarray conserves time, effort, and expense. Only one chip is needed per xenograft sample compared with two for an alternative method. Third, by processing one array per xenograft sample, the chance for introducing human error is less than when processing two chips. mammary fat pads (n = 4) and mammary carcinomas (n = 10) were profiled, and the raw data were processed by five previously published algorithms (see Materials and Methods for details). The resulting relative gene expression data from fat pads and carcinomas were compared using the t statistic to assess differential expression. FDR were estimated by 1,000 random permutations (see Materials and Methods). A. Data from mouse probe sets. B. Data from human probe sets.
To our knowledge, the Hu/Mu ProtIn microarray is the first commercially available (Affymetrix) oligonucleotide array that contains, on a single platform, probes for both mouse and human genes. Overall et al. have created an in-house spotted array, called the CLIP-CHIP for human proteases and inhibitors (21), and have recently reported a similar array for mouse proteases and inhibitors (22) . The Hu/Mu ProtIn microarray includes probes for proteases and inhibitors as well as genes whose protein products interact with proteases or inhibitors. Among the interactors are receptors involved in trafficking and cell surface localization of proteases, transcription factors that enhance expression of a number of proteases, and protease-associated proteins involved in endocytosis of matrix substrates. Thus, the Hu/Mu ProtIn microarray is suitable for assessing not only expression of proteases and inhibitors but also for assessing expression of proteins that affect proteolytic pathways. The Hu/Mu ProtIn microarray is the first array that is capable of simultaneous (on the same platform) survey of both mouse (host) and human (tumor) gene expression in orthotopic xenograft models.
To control for variation in the proportion of human and mouse RNA across xenograft replicates, we advocate normalizing mouse and human probe sets separately. With this normalization method, FDR did not exceed 1% for differentially expressed genes [at least 30% of the probe sets qualify at P < 0.01 (t test) with z2-fold change in expression] in xenografts compared with either normal orthotopic tissues (mouse expression) or three-dimensional matrix overlay cultures of the grafted human cells (data not shown). With this data normalization method and employing the data processing algorithms presented here, we have used the Hu/Mu ProtIn microarray to discover host protease and protease inhibitor gene expression in xenografts of human lung carcinoma cells (23) and human breast carcinoma cells. 12 We were able to identify increases in expression of a number of human and mouse proteases and protease inhibitors in the human lung carcinoma xenografts. One of the mouse proteases, matrix metalloproteinase-12, was localized to cells that had infiltrated into the tumor; subsequent studies in matrix metalloproteinase-12 -null mice revealed a protective role for stromal matrix metalloproteinase-12 in growth of lung tumors (24) . Thus, the Hu/MuProtIn microarray chip has already shown its value in identifying tumor-host interactions that affect tumor development.
In the present study, we began the task of masking individual probes that may potentially cross-hybridize (see Table 5 ), noting the performance of the microarray following individual probe level masking based on various thresholds of potential cross-species hybridization. There remains a considerable opportunity for refining this approach and hence to bioinformatically improve both chip sensitivity and specificity.
In the present study, we have introduced a unique dualspecies (human and mouse) oligonucleotide array, the HuMuProtIn chip. We have shown that the chip has excellent fidelity with minor cross-species hybridization that was controlled by employing different data processing methods depending on the type of data analysis. Therefore, we believe that the Hu/Mu ProtIn microarray is an ideal tool for gene profiling, particularly profiling of xenografts, and will allow comparative studies to be done on one platform to select mouse models that will most closely recapitulate human diseases.
Materials and Methods
Array Design
All known human and mouse protease, protease inhibitor, and selected protease interactor mRNA sequences were harvested from the National Center for Biotechnology Information database and submitted to Affymetrix for probe design. Probe design was based on Blast(n) analysis of the human and mouse genomes to minimize cross-species hybridization. This eliminated some genes from further consideration because of the inability to design probe sets that could differentiate orthologues. Due to the space limitations of the Affymetrix custom microarray platform, not all known human and mouse proteases and protease inhibitors could be included. Genes on the microarray were selected by participants in the Protease Consortium (25) and a Department of Defense Breast Cancer Center of Excellence grant 13 on the basis of known or putative biological significance to cancer. Each gene is interrogated by a probe set that contains 16 probe pairs of the typical PM and MM design. 14 
RNA Sources
Universal reference human (GA-004) and mouse (GA-005) total RNA was purchased from SuperArray Bioscience. Three independent aliquots of each reference RNA were processed and hybridized separately.
Ten spontaneous murine mammary carcinomas were obtained from MMTV-PyMT + (FVB/n) transgenic mice (n = 4; L. Matrisian's laboratory) or MMTV-PyMT + (FVB/n) transgenic mice (n = 4; T. Bugge's laboratory) and MMTV-PyMT + / uPARAP À/À (FVB/n) transgenic mice (n = 2; T. Bugge's laboratory) by macroscopic dissection. As controls, normal mouse mammary fat pads (n = 4; female Rag-1 tm1Mom retired breeders at >6 weeks after lactation) were used. Samples harvested from individual mice were processed and profiled independently.
Human breast carcinoma biopsies were obtained from discarded tissue at the time of surgical removal of the tumor, following informed consent. The experimental protocol was approved by the Wayne State University Institutional Review Board. Only biopsies from patients with ductal histology and either stage II or III disease were profiled (n = 18). Normal breast tissue biopsies (n = 13) were obtained from discarded uninvolved tissue from cancer patients or from women undergoing reduction mammoplasty.
MDA-MB-231 human breast carcinoma cell line was obtained from the American Type Culture Collection. In vitro cultures of MDA-MB-231 (n = 3) were profiled. Methods for the culture of these cells are available online. 15 Orthotopic 12 Article in preparation.
xenografts of MDA-MB-231 cells were harvested by gross surgical dissection 5 to 6 weeks following implantation into abdominal mammary fat pads of Rag-1 tm1Mom female mice (The Jackson Laboratory). The mice were irradiated with 600 rad 2 to 4 h before implantation. Mice were injected bilaterally with 1 Â 10 6 cells in 50 AL of PBS containing 5 mg/mL Matrigel (Invitrogen) into the abdominal fat pads by s.c. injection at the base of the nipple. At 5 to 6 weeks of growth, the average diameter of the xenograft was <1 cm, and the encapsulated tumors had not invaded into surrounding tissues. At this stage, it was easier to remove the surrounding host mammary fat pads, which are relatively acellular. Three independent xenografts were evaluated. All animals were maintained in accordance with the guidelines of the Committee for Protection of Animal Subjects at Wayne State University.
Sample preparation of cultured A549 human lung adenocarcinoma cells (n = 2), A549 orthotopic xenografts (n = 3), and normal mouse lung tissue (n = 3; male Rag-2 null/C57Bl/6) were reported elsewhere (24) .
RNA Isolation
All tissue samples were immediately placed in RNALater (Ambion) and stored for at least 24 h at 4jC before removing the preservative and freezing the sample at À80jC. Tissue (50-100 mg) was transferred to a QIAshredder column tissue homogenizer (Qiagen) and briefly centrifuged (1,000 Â g) at room temperature to remove residual RNALater. The tissue was removed from the QIAshredder column and transferred to a nuclease-free microcentrifuge tube containing 1 mL Trizol Reagent (Invitrogen) on ice. Isolation of total RNA from Trizol proceeded as recommended by the manufacturer. Following isolation, RNA was further purified with an RNeasy Mini-Kit (Qiagen), which included DNA removal using an Rnase-Free Dnase set (Qiagen).
Cultured cells were handled as follows. The medium was discarded, and the monolayers were washed with Dulbecco's PBS without calcium or magnesium (Invitrogen) thrice. The residual wash was aspirated, and the cells were removed directly into 1 mL Trizol Reagent per 35-cm 2 dish using a plastic cell scraper. Cell homogenates were collected and allowed to incubate at room temperature for 10 min. The homogenates were stored at À80jC until RNA isolation, which followed the manufacturer's recommendations. Following isolation, RNA was further purified with an RNeasy Mini-Kit (Qiagen), which included DNA removal using an RNase-Free DNase (Qiagen).
Concentration and yield of RNA samples were determined by using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies). Samples with total RNA yields of <5 Ag were not analyzed further. RNA integrity was determined by analysis on an Agilent 2100 Bioanalyzer (Agilent Technologies) following the manufacturer's recommendations. Samples with rRNA ratios <1 were not profiled.
RNA Processing, cRNA Production, and cRNA Labeling
The processing of RNA for hybridization, including cRNA synthesis and labeling, was by standard protocols described in the Affymetrix GeneChip Expression Analysis Technical Manual (version 2, section 2, chapters 1-3, 2004) .
Microarray Processing Methods
Hybridization of the labeled and fragmented cRNA to the Hu/Mu ProtIn microarray and subsequent staining, washing, and scanning of the arrays strictly adhered to standard protocols described in the Affymetrix GeneChip Expression Analysis Technical Manual (version 2, section 2, chapters [1] [2] [3] 2004 ).
Microarray Data Processing Methods
The following data processing methods were used: dChip (11), Microarray Suite version 5 (MAS5, Affymetrix; ref. 16) , and TM (17, 19) . Unless stated otherwise, relative gene expression values were generated with dChip using the option to ignore the mismatch (MM) probe information [dChip (PM only)]. This method was chosen based on the controversy in the literature indicating that a mismatch probe may not be able to accurately assess cross-hybridization that may be occurring with its perfect match probe (12) (13) (14) . To compare arrays, the raw data from each array were normalized using the invariant set normalization algorithm within the dChip software. Gene expression values were calculated using the Model-Based Expression Index. For some experiments, normalization and Model-Based Expression Index was done with PM and MM probe information (dChip PM + MM). In some experiments, gene expression values using a trimmed-mean algorithm (TM) followed by quantile normalization to a standard array were calculated as previously reported (18) . TM was done by removing either 20% (TM20) or 25% (TM25) of the PM-MM probe pair values within each probe set before calculating the gene expression value. All gene expression values were log 2 transformed before further analysis. Gene expression values generated with TM were transformed by log 2 (Max [x + 40,0] + 40).
To generate a P for the likelihood of the presence of a transcript, the default detection algorithm in Affymetrix MAS5 software was used, which employs the one-sided Wilcoxon's signed rank test. To calculate the frequency of a present detection call, 100% of the universal reference RNA, xenograft, orthotopic site, and cultured cell replicates or z80% of the mouse mammary carcinoma or human breast carcinoma replicates were required to have a present detection call at a particular P (>0.05, >0.01, and >0.001).
Computational Methods
To determine the intraspecies and interspecies theoretical cross-hybridization for all probes on the Hu/Mu ProtIn microarray, each probe sequence was blasted against the human and mouse repeat-masked genome in the Ensembl database online. 11 If the blast returned a run of z16 continuous (of 25) bases identical to another gene, the probe was considered to have the potential to cross-hybridize to an inappropriate transcript under the standard Affymetrix hybridization conditions. Probe-level mask files were generated from this data and used to determine the effect of cross-hybridizing probes on chip sensitivity and specificity.
FDR analysis estimates, by permutation testing, the probability of selecting false-positive genes (i.e., equally expressed genes in the rejection population; ref. 23 ). FDRs were determined as previously reported (26) . Briefly, log 2 transformed normalized gene expression data were used. Mouse spontaneous mammary carcinoma samples (n = 10) were compared with normal mouse mammary fat pad samples (n = 4), or human breast carcinoma (n = 18) were compared with normal human breast tissue (n = 13). Sample labels were randomly permuted 1,000 times. Following each permutation, the number of differentially expressed genes at the Student's t test P thresholds of <0.05, <0.01, and <0.001 with or without a mean fold change ratio (at either 1.5 or 2) were recorded. If the real sample groups were re-created by any random permutation of the sample labels, that permutation was excluded from the FDR analysis. FDR was estimated as the average number of qualifying probe sets from the permutated data normalized by the number of qualifying probe sets in the actual data.
